Numerous studies have demonstrated a rapid increase in the respiration rate during aging of slices of tuber and storage roots. To determine the molecular mechanisms of this phenomenon, the role of enzyme binding to the subcellular particulate fraction has been assessed in carrot (Daucus carota L.) and sugar beet (Beta vulgaris L.). Soluble versus particulate fractions were separated by centrifugation at 16,000g and both fractions assayed for the activities of six glycolytic enzymes. Preparations from sliced and aged tissues showed elevated percentages of five enzymes associated with the particulate fraction as compared with controls. The stimulation of respiration which occurs during aging of underground storage organ slices may result, in part, from an association of enzymes with the particulate fraction of the cell promoting an elevated glycolytic rate.
Recent studies have provided convincing evidence for subcellular structuring of metabolic pathways which were once thought of as being soluble. Various workers have reported associations between many of the so-called 'soluble' enzymes of glycolysis and membrane fractions or structural proteins in animal cells (4, 7, 9, 10, 12-14, 17, 18, 22) . As yet such associations have not been documented for higher plant glycolytic enzymes. The microcompartmentation of enzymes and metabolic pathways which can result from these types of interactions could provide an effective means of metabolic control via (a) channeling of substrates between consecutive enzymes, and (b) altering enzyme kinetic properties due to conformational changes occurring during binding. It has been suggested, therefore, that metabolic activation of glycolysis can occur not only by allosteric regulation and covalent modification of key enzymes, but also by altering the partitioning of enzymes from the soluble to particulate phase (4, 7, 9, 10, 13, 14, 17, 22) .
The dramatic stimulation of metabolism which accompanies the slicing of underground storage organs and subsequent aging has been studied for many years and includes a significant rise in the respiratory rate (termed 'induced respiration'). This is paralleled by an elevation in the concentration of Fru2,6P2 (11, ' Supported by Natural Sciences and Engineering Research Council of Canada (NSERC) and Queen's University Advisory Research Committee.
Abbreviations:
Fru2,6P,, fructose-2,6-bisphosphate; PFK, ATP:fructose-6-phosphate I-phosphotransferase; PK, pyruvate kinase; 19, 20) , and activation of both the oxidative pentose-P and glycolytic pathways (1) (2) (3) 5) . It has been suggested that allosteric activation of PFK and PK may contribute to the stimulation of glycolysis in thin slices of aged carrot root tissue (1, 5) . In the present study we have adopted the methodology of Clarke et al. (4) 4 cork borer. Control (metabolically dormant) tissues were sampled directly from these cylinders. Induced respiration was attained by slicing and incubation essentially as described by ap Rees and Beevers (2) . Discs approximately 0.5 mm thick were cut into distilled water, rinsed twice, dried on paper towels, weighed, and placed in 20 mm K-phosphate (pH 5.0), 30 ml/g fresh weight, and maintained at 25°C. The incubation buffer was changed three times during the 17 h incubation period. The discs were continuously aerated and agitated by bubbling filtered air through the incubation medium.
Measurement of enzyme binding to the particulate fraction was based on the procedure as described (4) . Both control and sliced/aged tissues were quickly washed in distilled water, blotted and homogenized (1:1 w/v) at 4°C in 300 mm sucrose containing 0.5 mm DTE using a chilled mortar and pestle with a small amount of sand. An aliquot (1.0 ml) of each homogenate was centrifuged for 5 min at 4°C in an Eppendorf microcentrifuge at 16,000g. The supernatant fraction was diluted with 1.5 volumes of a stabilization buffer which contained 150 mm K-phosphate (pH 7.0), 1 mm EDTA, 1 mm EGTA, 30 mM NaF, 0.2 mM ATP, 0.2 mM fructose-6-P, 2% (w/v) PVP, 1.5% (v/v) Triton X-100, 20% (v/v) glycerol, 2 mm DTE, 1 mm PMSF, and 10 ,ug/ml leupeptin. This diluted fraction was stored on ice for later measurement of soluble enzyme activity. The pellet was twice extracted with 0.5 ml stabilization buffer by resuspension, gentle vortexing, and centrifugation as above. The combined extracts were stored on ice and the enzyme activity in this fraction was taken to be a measure of the amount of bound enzyme. As a control, a further 0.5 ml of the homogenate was diluted with 2 volumes of stabilization buffer, gently vortexed, and centrifuged as above. The supernatant was kept as a measurement of total enzyme activity to check on recovery in soluble and bound fractions.
RESULTS
Initial tests were run to compare the distribution of three glycolytic enzymes (PFK, ALD, and PK) between soluble and particulate fractions after the tissue had been extracted in 0, 150, 300, and 500 mm (carrot) or 0, 300, 500, and 750 mm (sugar beet) sucrose containing 0.5 mm DTE. Control or sliced and aged carrot root discs both showed respective optimal binding to the particulate fraction in the 150 to 300 mm sucrose concentration range (data not shown). In carrot roots, binding of these enzymes to the particulate fraction appears to be sensitive to osmotic strength. Sucrose at 300 mm is isosmotic in many plant cells and is commonly used for preparation of intact mitochondria or plastids from plant tissues. Carrot tissues were therefore subsequently extracted with 300 mm sucrose. In contrast, varying the sucrose concentration in the extraction medium had no effect on the degree of binding of the three glycolytic enzymes to the particulate fraction in control or sliced and aged sugar beet roots. It is possible that the high intracellular sucrose concentration of sugar beets (500-600 mM) (15) is sufficient to maintain any weak interactions of bound enzymes during tissue extraction with no added sucrose. Sugar beets were also subsequently extracted with 300 mm sucrose.
The partitioning of enzyme activity between the soluble and particulate phases in carrots and sugar beets was examined for six glycolytic enzymes: HK, PFK, ALD, PK, ADH, and LDH.
Maximal enzyme activities are reported in Table I . Recovery of enzyme activity was 90 to 110% when the sum of activity in the soluble and particulate fractions was compared with the total activity measured in the original homogenate. With the exception of carrot ADH, and sugar beet ADH and LDH, slicing and aging caused no significant change in the maximal enzyme activity obtained with respect to control tissues (Table I) shown in Figure 1A for carrot and Figure 1B (Fig. 1A) . PFP activity was very low (Table I) and no activity was ever detected in the particulate fraction of extracts prepared from control or sliced and aged carrots. HK showed a uniformly high degree of association with the particulate fraction independent of the metabolic state of the tissue (Fig. 1A) .
As with the carrot, aging sugar beet slices resulted in a significant increase in the percentage of total activity of PFK, ALD, PK, LDH, and ADH associated with the particulate fraction (Fig. 1B) . HK behaved differently, however, showing a decrease in the percentage of enzyme bound in response to tissue slicing and aging (Fig. 1B) . Sugar beet PFP activity was undetectable (Table I) ; therefore, no assessment of its distribution between soluble and bound phases was possible. The site of glycolytic enzyme binding in carrot and sugar beet storage roots has not yet been determined, but should be resolved through a combination of subcellular fractionation and immunocytological studies. Glycolytic enzyme binding sites in animal systems can include membranes and actin containing flaments (4, 7, 9, 10, 12, 13, 17, 22) . In addition to the close proximity of consecutive enzymes which could be brought about by such a mechanism, the binding of glycolytic enzymes is known to alter kinetic properties via effects on enzyme conformation (4, 7, 9, 10, 12, 13, 22 
DISCUSSION

